Nanotube calculations use a tetragonal unit cell with the nanotube axis aligned along z and a minimum of 10Å vacuum separating periodic images in the x-y plane. K-point sampling with a Gaussian smearing width of 0.5 eV converges total energies to better than 1 meV/atom. Structural relaxations reduce all axial forces to smaller than 0.01 eV/Å. Lattice vectors are relaxed to reduce stresses below 100 MPa. Maximally localized Wannier functions are generated using established procedures and software packages [28] [29] [30] .
Negative curvature energy in model MgB x nanotubes -We start with well-defined and clean model MgB x nanotubular systems in order to demonstrate the existence of negative curvature and isolate its underlying physical basis. Following standard definitions, the curvature energy is the energy cost to curve the parent 2D MgB x sheet into a nanotube 7 : the energy of the nanotube minus the energy of the parent sheet with the same number of atoms.
We begin with nanotubes created out of the highly stable α boron sheet 5, 6 with Mg adsorbed on its surface in a 1:8 ratio (forming MgB 8 ). For the controlled model calculations in this section, all the Mg are placed on one side of the B sheet prior to curving the sheet into a nanotube. (In another section below, we will consider more complex situations concerning Mg placement.) Hence, we end up with two types of nanotubes: either all the Mg are on the exterior surface of the nanotube or all the Mg are on the interior surface. Figure 1 shows the resulting curvature energies as a function of nanotube diameter for two choices of nanotube chirality. When the Mg is outside, the curvature energies are uniformly positive and decay to zero with increasing diameter which is the standard behavior. However, nanotubes with the Mg inside display negative curvature energies for small diameters: the energy of the curved nanotube is lower than the sheet.
Next, we consider nanotubes made by curving the hexagonal boron sheet (isomorphic to graphene) again with all Mg adsorbed on the same side of the sheet at a 1:2 ratio (MgB 2 sheets and nanotubes). More generally, we have studied a series of Mg doped boron sheets where the boron subsystem has hexagonal hole density η ranging from 0 (triangular) to 1/3 (hexagonal) 5 .
We find that negative curvature energy occurs for Mg doped boron sheets over the entire range of η. In addition, we notice a simple trend: negative curvature energy occurs for small-η sheets when Mg atoms are inside the nanotubes, while for large-η sheets the Mg must be outside to deliver negative curvature energy.
To the best of our knowledge, negative curvature energy is not a common observation for nanotubular systems. Hence, it is not immediately obvious whether our finding of negative curvature energy on model nanotubes is applicable or relevant to more complex or realistic structures of MgB x nanotubes. We first need to understand the underlying reasons and mechanisms for the negative curvature energy. This is best accomplished by focusing on the behavior of Mg atoms adsorbed on 2D boron sheets in order to understand the nature of the Mg-Mg interactions.
Mg doped boron sheets -We define the adsorption energy per Mg for a particular 2D boron sheet as
where E doped is the total energy of the Mg doped boron sheet, E B is the energy of boron sheet in the same simulation cell but with Mg removed, N M g is the number of adsorbed Mg atoms in the simulation cell, and E M g is the energy of an isolated Mg atom. Thus E ad is positive, and larger E ad corresponds to stronger binding of Mg to the boron subsystem.
We begin with Mg doped α sheets. First, we check the convergence of E ad versus the size of the periodic supercell. We find that E ad for a single Mg is converged to within 5 meV/Mg for a 2×2 supercell (referenced to the 8-atom primitive cell of the α sheet). Next, we investigate the preferred adsorption site for the Mg. By starting relaxations from a large number of symmetry inequivalent Mg positions, we find that the position above the center of a hexagonal hole in the α boron sheet, shown in Fig. 3 (a), is the most stable for an isolated
Mg atom with E ad =1.07 eV/Mg. Other sites are at least 0.4 eV/Mg less stable.
Moving beyond isolated Mg, we study two Mg atoms on the α sheet in a 4×2 supercell.
We search for the most stable structure for this pair by starting relaxations at many initial configurations including cases where the Mg are on opposite sides of the sheet. We find that the two Mg prefer to be on the same side of the sheet, are attracted to each other, and form a dimer with a bond length of 2.80Å (see brief, Mg atoms on the α sheet attract each other and prefer to form dense 2D lattices on top of the α sheet instead of remaining isolated. After searching over many configurations, our current guess for the most optimal adsorption energy is Mg 25 B 72 (Fig. 3(f) we calculate for a freestanding 2D triangular lattice of Mg atoms. Hence, we can say that the absorbed Mg on the boron sheet in this optimal case are forming covalent bonds.
As noted above, Mg on hexagonal boron sheets behaves quite differently. We find that the most stable isolated adsorption site is above the center of each hexagon with a strong binding energy of E ad = 3.56 eV/Mg for an isolated Mg. In addition, we find that the Mg-Mg interaction on the hexagonal boron sheet is repulsive so that isolated Mg has the largest E ad .
With these two cases described in some detail, we now summarize our results for a number of other boron sheets. We find that for sheets with η < 1/7, the absorbed Mg attract each we expect that Mg donates fewer electrons to small-η boron sheets and more electrons to large-η boron sheets.
We verify this expectation with explicit calculations. To support this rationalization, we consider MgB 8 nanotubes (Mg doped on curved α sheets) with the Mg inside so that we have negative curvature energies. To verify that MgMg interactions lead to negative curvature energies, we approximate the curvature energy of the MgB 8 nanotube as the sum of the curvature energy of the boron nanotube subsystem and the Mg subsystem treated separately (i.e., we assume that the bonding and electron transfer between Mg and boron does not change with curvature). For this analysis, no relaxations are performed: we take the final structure of the nanotube and remove atoms to create the separate Mg or boron subsystems and compute their total energies. Table I shows the resulting energies and compares them to the actual curvature energies. This simple model is impressively accurate and, more importantly, confirms that the Mg-Mg interactions are the dominant force behind the existence of negative curvature energy in these nanotubes.
More complex structures -The above results show that charge transfer from Mg to boron in MgB x sheets and nanotubes has a profound effect on the nature of the Mg-Mg interactions: the nature of the 2D boron subsystem can tune the interaction to be either repulsive or attractive. For the model nanotubes above, the Mg-Mg interaction were strong enough to lead to negative curvature energy. However, given the idealized nature of the systems, the existence or relevance of negative curvature energy in more complex and more realistic MgB x nanotubular structures is not obvious.
The model calculations can be made more realistic in a few distinct ways. First, in the 
